A B S T R A C T The effects of acute Salmonella typhimurium sepsis on the kinetics of peripheral L-thyroxine (T4) distribution and metabolism and on serum total and free T4 concentrations were studied in rhesus monkeys inoculated i.v. with either heat-killed or viable organisms. The rate of disappearance of labeled T4 from serum was increased within 8 h after inoculation of monkeys with either heat-killed or viable Salmonella. The effects of the heat-killed organisms were transient and no longer evident by 16 h postinoculation. The monkeys inoculated with the viable Salmonella experienced a 2-3 day febrile, septic illness that was accompanied by an increase in the absolute rate of T4 disposal. In the infected monkeys, serum total T4 and endogenously labeled protein-bound iodine concentrations fell significantly during the period of acute sepsis and then rose during convalescence to values that exceeded the preinoculation values, suggesting that thyroidal secretion of hormone had increased in response to a primary depletion of the peripheral hormonal pool. Total cellular and hepatic uptakes of T4 were enhanced by 4 h after inoculation of monkeys with either heatkilled or viable Salmonella, but the increase in total cellular uptake persisted for 24 h only in the monkeys inoculated with the viable organisms. These alterations in T4 kinetics could neither be correlated with changes in the binding of T4 in plasma nor attributed to an increase in vascular permeability. Moreover, they could not be ascribed to an in vitro product of bacterial growth, suggesting that the presence of the organisms themselves was required. An acceleration of T4 disappearance was also observed during Escherichia coli and Diplococcus pneumioniae bacteremias. Our findings are Dr. Woeber's present address is the
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INTRODUCTION
Accelerated metabolism of the thyroid hormones has been observed during acute pneumococcal infections in man and the rhesus monkey (1, 2) . In the monkey, cellular uptake of L-thyroxine (T4) 'is enhanced during the early course of this illness (3) . Moreover, localization of both labeled T4 and L-triiodothyronine in affected areas of lung has been reported to occur in patients with bacterial pulmonary infections (4) . The pathogenesis and significance of these alterations in the distribution and metabolism of the thyroid hormones during infection are not clear. Studies with peripheral leukocytes in vitro suggest that these alterations might constitute a host defense mechanism in which phagocytozing cells utilize thyroid hormone as a source of iodine in a peroxidase-hydrogen peroxidehalide system for the iodination and killing of ingested microorganisms (2, (5) (6) (7) (8) (9) . However, the extent to which iodide or the thyroid hormones participate in vivo in this putative antimicrobial system remains uncertain (6, 10, 11 ).
An early study by Sterling and Chodos (12) revealed an increase in the absolute rate of T4 disposal in five 'Abbreviations used in this paper: AFT4 absolute free T4 concentration; CONT, monkeys inoculated with isotonic saline; CUT4, cellular uptake of T4; DT,, T4 absolute disposal rate; %FT4, percent of free T4; ["'I]Alb, 'MI-labeled albumin; INF, monkeys inoculated with saline suspension containing viable S. typhimurium; KT,, fractional rate of T4 disappearance; MCRT,, T4 metabolic clearance rate; PB 5I, protein-bound "'I; SALM, monkeys inoculated with saline suspension containing heat-killed S. typhimurium; T4, L-thyroxine; TCA, trichloroacetic acid; VT4, T4 distribution volume.
febrile patients, four of whom had leukemia and one, a urinary tract infection. More recent work has revealed only variable changes in thyroid hormone economy during systemic bacterial infections in man (13) (14) (15) (16) . However, in some of these studies, evaluation of the impact of the infection on thyroid hormone economy was made only at a single point in time late during the course of the illness (16) or did not include evaluation of the kinetics of peripheral hormonal metabolism (15, 16) . Accordingly, the present study was undertaken to assess the effects of Salmonella typhimnurium and Escherichia coli sepsis on several aspects of thyroid hormone economy in the rhesus monkey. The similarity in the responses of man and the rhesus monkey to pneumococcal infections suggested that this species would be an appropriate animal to examine the effects of other acute model infections.
METHODS
Healthy, male rhesus monkeys (Macaca nitlatta) weighing between 2.5 and 4.3 kg were placed in primate chairs, fed a standard or iodine-deficient diet (2) , and allowed water ad lib. Rectal temperatures, complete blood counts, and blood cultures were obtained frequently, as indicated in the results. In all experiments, the concentration of radioactivity in serum refers to protein-bound radioactivity, as determined by trichloroacetic acid (TCA) precipitation of 250 gl of serum (2) . Blood samples (1 ml) were obtained by saphenous venipuncture; at those times when multiple determinations were to be made, larger volumes (2-5 ml) were withdrawn.
Studies of the metabolic disappearance of T4. The metabolic disappearance of T4 was studied during a 5 day period before and a 10 day period after i.v. inoculation of six monkeys with 1 ml of isotonic saline (CONT) and five monkeys with 1 ml of a saline suspension containing 1-3 X 10W heat-killed (SALM) and 11 monkeys with viable (INF) Salmonella tYphlintrium.' To label the peripheral hormonal pool for three successive studies, 10 /ACi of 'Ilabeled T, ([131I]T4) 'were injected i.v. 5 days before, at the time of, and 5 days after inoculation' of monkeys with either saline or the bacteria. When the ["'I] T4 was administered at the time of inoculation, it was injected first into one saphenous vein followed in 2-3 min by inoculation with the bacteria into the opposite saphenous vein. Follow- The mean value for serum total T4 concentration during each period was employed to calculate the DT4 for that period. Complete urine and stool collections could not be obtained to correct for metabolism of injected ['9I]T4 prior to attainment of distribution equilibrium. Accordingly, to estimate the extent of early metabolism, the percent of non-TCA precipitable 'I in serum was measured in three CONT, three SALM, and three INF during the first 8 h after inoculation, and thyroidal '31I uptake was measured in three additional monkeys (one CONT, one SALM, and one INF) that were killed 8 h after inoculation by injecting intravenously a highly concentrated pentobarbital solution.7 -'Obtained from New England Nuclear Corp., Boston, Mass. Studies of the distributive disappearance of T4. In 21 additional monkeys, the distributive disappearance of T4 was studied at 4, 14, 24, and 72 h after inoculation of monkeys with saline or with viable or heat-killed S. typhimurium. The cellular uptake of T4 (CUT4) was calculated from the differences in the instantaneous distribution volumes of [TI] T4 and [1ThI] Alb during a 60 min period following their simultaneous i.v. injection, as previously described (3, 18) . At this time, the monkeys were killed by injecting intravenously a highly concentrated pentobarbital solution,7 and the liver, both kidneys, and the thyroid gland were removed. Net hepatic, renal, and thyroidal uptakes of 18"I at 60 min and hepatic and renal T4 spaces were determined, according to methods previously described in detail (3) . To estimate the extent of degradation of [13I]T4 during the 60 min following its injection, urinary excretion of .3.I was monitored. Complete, short-term urine collections were possible without instrumentation of the urinary tract by employing an adhesive pediatric bag; 8 residual bladder urine was obtained by aspiration at the time of sacrifice.
The percent of non-TCA precipitable 13"I in serum was also monitored. %FT4 in serum was measured in all monkeys immediately prior to inoculation with saline or bacteria and again at 60 min after injection of the labeled materials.
In 31 Statistical analyses of the data were performed according to methods described by Snedecor and Cochran (17) .
RESULTS
Studies of the metabolic disappearance of T4. 'Inoculum prepared as previously described (3).
10 Organisms cultured, harvested, and killed in a manner identical to that described for S. typhimurium.
'Lipopolysaccharide B, S. typhimurium; obtained from Difco Laboratories, Detroit, Mich. tion, rectal temperatures were similar in all groups and the total leukocyte counts were normal, with usually a relative lymphocytosis as has been previously noted (2) .
After inoculation, rectal temperatures were slightly elevated at 8 h in CONT and SALM, perhaps due to the frequent manipulation of the monkeys. Leukocytosis of variable magnitude (11,800-18, Fig. 1 , experienced an atypical, prolonged (9 day) septic illness followed by spontaneous recovery. The infection was fatal in only 1 of the 11 monkeys. Linearity of the regression curves was confirmed statistically, P at least < 0.05. Temperature curve, neutrophil counts, and regression curves of monkey 22, which experienced a prolonged septic illness, are shown separately.
of T4 prior to attainment of distribution equilibrium, the increase in calculated VT4 was exaggerated. When MCRT4 and DT4 were recalculated using the basal values of VT4 in this group, the values did not differ significantly from those of CONT. During convalescence, the values for the kinetic parameters were similar to those during the basal period.
In INF, KT4 during acute sepsis (85.3±7.1%/day) differed significantly from that of CONT and the basal value for this group, P < 0.001. Calculated values for VT4 (704±74 ml) and, as a result, MCRT, and DT4 were increased, but to an exaggerated extent owing to the accelerated early degradation of hormone. Nevertheless, when MCRT4 and DT4 were recalculated using the basal values of VT4 in this group, the values (MCRT4, 269±+31 ml/day; DT4, 16.5±1.8 /Ag/day) were significantly greater than those for CONT and the basal values for this group, P < 0.001. In 9 of the 10 with saline (CONT) and three with 109 heat-killed organic I, changes in serum PB I, expressed as a (SALM) and seven with 109 viable (INF) S. typhimuriurm. percent of the mean basal value, followed a pattern
The intrathyroidal iodine pool had been labeled with in-qualitatively similar to that of serum total T4, with an organic 'I 15 days prior to inoculation. Daily postinocula-initial fall (nadir, 83% at 24 h; P < 0.05) and subse- by an increase (peak, 127% at 72 h) was also noted in SALM; since only three monkeys were studied, the PB 'I data in this group were not analyzed statistically, however. Studies of the distributive disappearance of To. The accelerated early disappearance of ['I]T4 from serum appeared to be due to the presence of bacteria in the inoculum, for it was observed with washed bacteria but not with the supernate of the original inoculum or with endotoxin derived from S. typhimurium. As depicted in Fig. 3 , accelerated disappearance of ['I]T4 also occurred during the first 8 h after i.v. inoculation with heat-killed or viable E. coli or viable pneumococci, P < 0.01, compared with saline controls. In the monkeys inoculated with the viable organisms, KT4 was accelerated during the 48 h period of acute septic illness compared with the saline controls, P < 0.01. DISCUSSION Our data indicate that in the rhesus monkey increased cellular uptake and metabolism of To occur during S. typhimurium bacteremia and suggest that accelerated metabolism also occurs during E. coli bacteremia. These alterations are reminiscent of those that we have previously reported during pneumococcal infection in this species (2, 3) .
In the monkeys inoculated with either heat-killed (SALM) or viable (INF) S. typhimurium, an increased rate of disappearance of ['I]Ti from serum was evident during the first 8 h postinoculation. This increase reflected not only accelerated distributive disappearance, but accelerated metabolic disappearance as well, since increases in both thyroidal uptake of 'I and the percent of non-TCA precipitable 'I in serum were observed. This accelerated metabolism of T4 occurring prior to attainment of distribution equilibrium resulted in an exaggerated increase in the calculated values for VT4.
In SALM, the alterations in T4 kinetics were transient. By 16 h after inoculation with the organisms, the rate of disappearance of [1"I]T4 from serum was no longer increased, and the increase in CUT. that was evident at 4 h after inoculation with the bacteria had disappeared by 14 h. By contrast, in INF, the acceleration of T4 disappearance persisted in most instances for the duration of the septic illness. This was especially In the present study, we sought to define the pathogenetic factor(s) underlying the increased cellular uptake and metabolism of To in SALM and INF. Several possible factors would appear to be excluded by our findings. First, fever did not appear to play a role since it did not occur in SALM. Second, a generalized increase in vascular permeability permitting escape from the vascular compartment of T. in association with its binding proteins could not be implicated, since the rate of disappearance of ['uI]Alb from serum was not increased relative to that in the control animals. Third, a decrease in the binding of hormone in plasma would appear to be discounted by the observation that the alterations in T. kinetics preceded a detectable increase in %FT, in serum. Finally, since the gastrointestinal tract is a major locus of Salmonella infection, increased fecal clearance of hormone could have been a factor, and indeed diarrhea occurred in 2 of 11 INF; however, similar alterations in T. kinetics have been shown to occur during acute pneumococcal infection (2, 3 ) , an illness in which diarrhea is not a feature. Rather, our findings are more consistent with a primary increase in the cellular uptake and metabolism of To during bacterial sepsis.
In addition to acute bacterial infection, accelerated disappearance of To has been observed to occur during several other hypermetabolic states including muscular exercise (19) , cold exposure (20) , acute adaptation to high altitude (21) , leukemia (12), active acromegaly (22) , treated Graves' disease (23) , and salicylate administration (24, 25) . In many of these circumstances (19, (21) (22) (23) , as during acute bacterial sepsis, the acceleration of To disappearance could not be ascribed to a decrease in the binding of hormone in plasma, suggesting that cellular metabolism was primarily increased. The mechanisms underlying the latter remain uncertain and could vary widely in the various circumstances.
The effects of Salmonella on To kinetics appeared to be owing to the presence of the bacteria themselves. First ployed was inactive. In any event, accelerated To disappearance was also observed following inoculation with viable D. pneumoniae, an organism from which an endotoxin is not derived. Hence, if it is granted that the bacteria themselves were a prerequisite for the alterations observed, the increased cellular uptake and metabolism of To may have been related to phagocytic cell function in the host. Indeed, peripheral blood leukocytes have been shown to actively take up and deiodinate T4 in vitro (26, 27) , and recent work has demonstrated that To deiodination is enhanced when phagocytosis is induced (8, 9) . Moreover, leukocytes isolated from the blood of rhesus monkeys previously inoculated with viable D. pneumoniae display an increase in Tt-deiodinating activity (2) . Finally, the accelerated disappearance of To that was observed by Sterling and Chodos (12) in four patients with leukemia could have resided.
at least in part, in the increased mass of circulating leukocytes. In the case of bacterial sepsis, increased deiodinating activity in phagocytosing cells might con-stitute a host defence mechanism in which the iodine generated from thyroid hormone is utilized for the iodination and killing of ingested bacteria (5, 8, 9 ).
An absolute neutrophilia occurred in the monkeys inoculated with heat-killed or viable Salmonella, and this phenomenon appeared to correspond in duration with the acceleration of To disappearance. However, its contribution to the acceleration of hormonal disappearance *remains to be defined, since fixed phagocytic cells of the reticuloendothelial system, such as hepatic Kupffer cells and cells in the splenic sinuses, rather than circulating leukocytes, appear to play the preponderant role *in the clearance of organisms administered as an i.v. bolus (28) , as was the case here. Although data bearing on this point are lacking, it seems likely that fixed -phagocytic cells are also able to deiodinate T4 in view of the evidence that T. deiodination may be mediated by a peroxidase-hydrogen peroxide system (29) and that phagocytic cells other than circulating leukocytes, such as peritoneal and alveolar macrophages, also generate increased quantities of hydrogen peroxide during phagocytosis (30, 31) . Moreover, the increased hepatic uptake of T4 observed in the bacteremic monkeys may have been related to altered Kupffer cell activity in view of the evidence that Kupffer cells may possess a peroxidase-mediated antimicrobial system similar to that found in circulating leukocytes (32) . Thus, the foregoing considerations would assign to phagocytic cells a primary role in the genesis of the increased cellular uptake and metabolism of T. in bacterial sepsis.
The sequential alterations in serum total T. and PB 'I concentrations that were observed in the infected monkeys also deserve comment. The initial decline in serum total To and PB 'I and the subsequent increase strongly suggest that an increase in thyroidal secretion of hormone occurred in response to depletion of the peripheral hormonal pool. In addition, the late increase in serum total T& and PB 'I to values in excess of preinoculation values suggest that a "physiologic overshoot" occurred as homeostatsis was restored. This biphasic phenomenon has been noted during other acute infections (14, 15) , and may serve to explain some conflicting reports concerning alterations in serum thyroid hormone concentration during infection (16) . Finally, in the light of the above observations, an inability to compensate for the progressive depletion of the peripheral pool of hormone during a septic illness might account for the reported aggravation of hypothyroidism in this circumstance (33) .
